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a  b  s  t  r  a  c  t
Footrot  is a common  inflammatory  bacterial  disease  affecting  the  health  and  welfare  of
sheep worldwide.  The  pathogenesis  of  footrot  is  complex  and multifactorial.  The primary
causal  pathogen  is the  anaerobic  bacterium  Dichelobacter  nodosus,  with  Fusobacterium
necrophorum  also shown  to  play  a  key  role  in  disease.  Since  immune-mediated  pathology
is implicated,  the aim  of  this  research  was  to  investigate  the  role  of the  host  response  in
interdigital  dermatitis  (ID)  and  footrot.  We  compared  the  expression  of Toll-like  receptors
(TLRs) and pro-inflammatory  cytokines  and  the  histological  appearance  of  clinically  normal
in comparison  to ID  and  footrot  affected  tissues.  Severe  ID and  footrot  were  characterised  by
significantly  increased  transcript  levels  of  pro-inflammatory  cytokines  TNF  and  IL1  and
the  pattern  recognition  receptors  TLR2  and  TLR4  in the  interdigital  skin.  This  was  reflected
in  the  histopathological  appearance,  with  ID  and  footrot  presenting  progressive  chronic-
active pododermatitis  with  a mixed  lymphocytic  and  neutrophilic  infiltration,  gradually
increasing  from  a mild form  in  clinically  normal  feet,  to moderate  in ID  and  to  a  focally
severe  form  with  frequent  areas  of purulence  in footrot.  Stimulation  with  F.  necrophorum
and/or  D.  nodosus  extracts  demonstrated  that dermal  fibroblasts,  the  resident  cell  type  of
the dermis,  also  contribute  to the  inflammatory  response  to footrot  bacteria  by  increased
expression  of  TNF,  IL1  and  TLR2.  Overall,  ID  and  footrot  lead  to  a local  inflammatory
response  given  that  expression  levels  of  TLRs and  IL1  were  dependent  on  the  disease
state  of  the foot  not  the  animal.
rs.  Pub© 2014  The  Autho
1. IntroductionFootrot is a bacterial infection of the interdigital skin
of the sheep foot resulting in lameness, and is the great-
est welfare and economic concern for sheep farmers and
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veterinary surgeons in the UK (Goddard et al., 2006). In
England, more than 95% of sheep flocks have footrot (Kaler
and Green, 2008). In the UK current vaccination strategies,
while recommended as part of a comprehensive lameness
management programme (EBLEX; FAI), are on their own
neither long lasting nor efficacious (Duncan et al., 2012).
The pathogenesis of footrot is complex and multifac-
torial. Physical damage to the interdigital skin that is
caused by, for example, prolonged exposure to moisture
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s required to initiate disease. Bacterial replication in this
amaged skin leads to interdigital dermatitis (ID) where
he superficial epidermal layers are inflamed, damaged and
lough off irregularly. Disease may  progress to footrot with
eparation of the hoof horn capsule from the underlying
ensitive tissue. Hoof horn separation does not occur with-
ut the involvement of Dichelobacter nodosus, an obligate
naerobe bacterium. A second bacterium, Fusobacterium
ecrophorum, may  also play a role in the pathogenesis of
ootrot. It either facilitates disease development by increas-
ng the damage to the interdigital skin and promoting
D that subsequently permits replication of D. nodosus
Egerton et al., 1969; Roberts and Egerton, 1969) or F.
ecrophorum is secondary to D. nodosus but may  exacerbate
he severity and persistence of footrot (Beveridge, 1941;
ennan et al., 2010, 2011; Witcomb et al., 2014).
We  hypothesise that the pathology of footrot is a host
ediated over-expression of local immune responses lead-
ng to acute severe inflammation in the foot that can
rogress to hoof horn separation from underlying tissues.
he host response to bacterial invasion is characterised
y the recruitment of large numbers of neutrophils into
he epidermis. This causes inflammation and pressure in
he hoof horn capsule resulting in its separation from
he underlying tissue. However, not all sheep exposed
o D. nodosus get footrot and fewer than half of cases
rogress to separation of the hoof horn (Wassink et al.,
010). Early histopathological observations of tissue sec-
ions from footrot lesions described little inflammatory
esponse in areas with D. nodosus, but severe inflamma-
ion in response to invasion by F. necrophorum (Egerton
t al., 1969). Infiltration by polymorphonuclear leucocytes
nd a dense population of filamentous bacteria, visually
dentified as F. necrophorum were observed in ID sections
Parsonson et al., 1967). It is, therefore, beneficial to elu-
idate the basis of the ovine inflammatory response in the
nterdigital skin to these pathogens and, thus, contribute to
he more targeted development of novel vaccines and their
djuvants.
Key components of the host response to bacterial
nfection are the innate immune pathogen recognition
eceptors, such as the Toll-like receptors (TLRs) that are
xpressed in a wide range of cell types (Hancock et al.,
012). TLRs 1–10, which recognise a range of pathogen
ssociated molecular patterns, have been cloned and char-
cterised in sheep (Chang et al., 2009). Footrot is a
ixed bacterial infection and, therefore, the TLRs likely
o be involved in their recognition are TLR2, TLR2/TLR1
nd TLR2/TLR6 heterodimers (which recognise bacterial
ipoproteins, lipoteichoic acid and atypical LPS, respec-
ively), TLR4 (which is activated by bacterial LPS), TLR5
which recognises bacterial flagellin) and TLR9 (which
ecognises bacterial DNA). D. nodosus and F. necropho-
um are both Gram-negative bacteria but, interestingly,
. necrophorum may  have an atypical lipopolysaccharide
LPS) as shown for a closely related bacterium, Fusobac-
erium nucleatum (Kikkert et al., 2007) and hence may  be
ignalling via TLR2. The activation of TLRs initiates a com-
lex signalling network, leading to the expression of a
ide range of inflammatory mediators such as nitric oxide,
ytokines and chemokines (Carpenter and O’Neill, 2007;d Immunopathology 161 (2014) 90–98 91
Takeda and Akira, 2004). Key pro-inflammatory cytokines
of the skin include IL-1 and TNF- (Nestle et al., 2009).
The aim of this research was to investigate this inflam-
matory response by focussing on histological appearance
and the expression of TLRs and pro-inflammatory cytokines
in clinically normal, ID and footrot tissues and cultured
ovine dermal fibroblasts stimulated with bacterial extracts.
2. Materials and methods
2.1. Ovine interdigital skin biopsies
Ovine feet, obtained from an abattoir, were cleaned,
scored for ID and footrot using a scoring system adapted
from Parsonson et al. (1967) and classified into one of four
categories; clinically healthy, mild ID (slight ID +/−  foetid
smell, <5% of area affected), severe ID (moderate − severe ID
with a foetid smell, >5% of area affected) and footrot (active
footrot lesion with under-running of the heel and/or sole
area of the digit). Six millimetre biopsies from healthy and
a range of severities of diseased feet were sampled from
the skin/hoof interface and stored in RNAlater (Sigma, UK)
for RNA isolation or fixed in 10% neutral buffered formalin
(NBF).
2.2. Histopathology
For histopathology, the formaldehyde fixed biopsies
(see above) from 10 normal, 7 ID and 8 footrot affected
ovine feet were processed and embedded in paraffin wax.
Upon wax  embedding, biopsies were orientated to ensure a
cross section of the skin-hoof interface was obtained. Cut-
ting these wax  blocks was facilitated by soaking the blocks
in ice cold 10% ammoniated water prior to cutting. Sections
(5 m)  were cut and stained with haematoxylin and eosin
(H&E). Microscopy (Leica model DM5000B, software Leica
2000) was used to analyse the tissue sections.
2.3. Cell stimulation
Ovine fibroblasts from five individual Finn Dorset
crossed sheep (B1123, 1378X, 1211A, 1220A and 1222A)
were isolated and grown as described by Bird et al.
(1993). For stimulation studies, they were cultured in
Dulbecco’s Modified Eagle’s Medium supplemented with
10% foetal bovine serum, 2 mM l-glutamine, 5 g/ml peni-
cillin/streptomycin (Gibco), 0.63 g/ml fungizone (Lonza)
and 100 g/ml gentamicin (Sigma). Cells were stimulated
with Escherichia coli LPS (1 g/ml) or heat killed D. nodosus,
F. necrophorum or both (10 g/ml) as established by pre-
liminary experiments with 1–100 g/ml bacterial extracts
(data not shown). To capture the early host response, the
cells were stimulated for 4 h (Widdison et al., 2011). For
subsequent RNA isolation, cells were lysed with 350 l of
RNA lysis buffer (Nucleospin® RNA isolation kits, Machery-
Nagel, UK).2.4. RNA isolation and cDNA synthesis
Biopsies were homogenised using a 5 mm stainless steel
ball-bearing in a Retsch® Bead Mill MM 301 for 4 min, at 30
logy an92 R. Davenport et al. / Veterinary Immuno
oscillations per second. Total RNA from biopsy homogenate
and lysed fibroblasts was isolated using Nucleospin® RNA
isolation kits (Machery-Nagel, UK) following the manu-
facturer’s instructions. RNA concentration was measured
using a NanoDropTM (ND-1000, ThermoScientific, UK). RNA
was diluted in water to 100 ng/l, and cDNA synthe-
sised using M-MLV  Reverse Transcriptase and random
hexamers (Promega, Madison, USA) according to manufac-
turer’s instructions. To identify any residual genomic DNA
contamination, samples with and without reverse tran-
scription were PCR amplified for GAPDH, an abundant tran-
script, using forward (5′-CCACCAACTGCTTGGCCCCC-3′)
and reverse (5′-GGACACGTTGGGGGTGGGGA-3′) primers.
This was performed using DreamTaq Polymerase (Fer-
mentas Life Sciences, York, UK), 10 M of each primer,
10 M dNTP mix  (Promega, Madison, USA) and 25 ng of
cDNA. The PCR program consisted of a 95 ◦C denaturation
for 3 min, 25 cycles at 95 ◦C for 10 s, 55 ◦C for 1 min, 72 ◦C
for 1 min, and a final extension at 72 ◦C for 10 min.
2.5. Quantitative real time PCR
All quantitative real time PCR (qPCR) experiments were
designed and performed to comply with the quality con-
trols detailed in the MIQE guidelines (Bustin et al., 2010).
Primers for TLR2 (forward 5′-CATCTTTGTGCTTTCGGAGA-
3′, reverse 5′-AAGAGACGGAAGTGGGAGAA-3′, 78 bp prod-
uct, AM981300.1) and TLR4 (forward: 5′-AGAAACCTC-
CGCTACCTTGA, reverse: 5′-CAGGGAGCAAGTTGTTCTGA-3′,
130 bp, NM 001135930.1) were designed and assessed
using NCBI PrimerBLAST. In addition qPCR primers for
ovine -actin, GAPDH (Hughes et al., 2011), PPIA (Lloyd
et al., 2012), 2-microglobulin, -tubulin, 18S, TLR1 (Taylor
et al., 2008), TLR6 (Plain et al., 2010), TNF (Sow et al.,
2009) and IL-1 (Darlay et al., 2011) were used. The mRNA
expression was  measured using qPCR on a LightCycler® 480
(Roche Applied Science, UK). Reactions contained 5 l of
diluted sample cDNA (1/10 dilutions apart from 18S and
-actin, where 1/100 dilution was used) in 1× SYBR green
qPCR master mix  (Roche Applied Science, UK) with 1 M
forward and reverse primers. The following cycle condi-
tions were used: 95 ◦C for 10 min  followed by 45 cycles
at 95 ◦C for 10 s, 60 ◦C for 50 s, 72 ◦C for 1 min  and a final
dissociation gradient up to 97 ◦C to obtain a melt curve.
Standard curves were generated using ovine lymph node
or fibroblast cDNA to assess primer efficiency (Table S1).
Supplementary table related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.vetimm.2014
.07.007.
To facilitate mRNA expression studies, the six house-
keeping genes were investigated to detemine a stable
reference gene transcript. geNORM (Vandesompele et al.,
2002) analysis for stability of expression was performed
following qPCR analysis of biopsies from 16 clinically nor-
mal, eight ID, and four footrot ovine feet. Stability of a gene
is defined as the consistancy of expression between sam-
ples. The geNorm recommended minimum (M) value for
stability is 0.5. For normalisation, ˇ-actin was used as the
housekeeping gene (M-value of 0.49).
Ct values for each sample and transcript were calcu-
lated from the mean of triplicate reactions. Normalisedd Immunopathology 161 (2014) 90–98
expression of each gene was  calculated using the following
formulae (Hughes et al., 2007):
Differentiation factor
= overall mean of 40 − CP value for housekeeping gene
40 − CP value of housekeeping gene of thatsample
Normalised  expression
= Mean  (40  −  CP  value  for  the  sample)  ×  target  primer  slope
Differentiation  factor  for  that  sample  ×  housekeeping  gene
Fold change = 2(T−C), whereby T = normalised expression
level of treated samples; C = s normalised expression level
of control samples (Hughes et al., 2007). Expression data
are presented as box and whisker plots showing minimum,
lower quartile, median, upper quartile and maximum.
2.6. Statistical analysis
The biopsy data were modelled in a mixed effect two
level model (Dohoo et al., 2009), which incorporated auto-
correlation of feet within sheep. The model took the form:
Yij =  ̨ + ˇ1Xij + vj + eij
vj∼N(0, ˝2v )
eij∼N(0, ˝2e )
where Y is the immune response, the subscripts i and j
denote the ith foot in the jth sheep respectively,  ̨ the
regression intercept, Xij the vector of covariates associated
with each observation, ˇ1 the coefficients for covariates
Xij, vj a random effect to reflect residual variation between
sheep (mean = 0 and variance ˝2v ), eij a random effect to
reflect residual variation between feet restricted to follow-
ing a binomial distribution. For detailed model results with
all confidence intervals (CI) see Supplementary Table S2.
Supplementary table related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.vetimm.2014
.07.007.
The stimulated fibroblast data were analysed using
One-way Analysis of Variance (ANOVA) with repeated
measures followed by a Dunnett post-test.
3. Results
3.1. TLR2, TLR4 and IL-1  ̌ expression was increased in
severe ID and footrot
Expression of transcripts of TLR1, 2, 4, and 6 and the
inflammatory mediators IL-1 and TNF were analysed
in biopsies from the skin/hoof interface of feet that were
either clinically normal, had mild ID, severe ID or footrot
(Fig. 1). Expression of TLR2, TLR4 and IL-1  ̌ was  significantly
higher in severe ID (CI: TLR2 1.41–4.45, TLR4 1.41–4.8,
IL-1 1.35–6.27) and footrot (CI: TLR2 1.71–4.36, TLR4
4.65–4.63, IL-1 4.37–8.68) (Fig. 1B, C and E). Expression
R. Davenport et al. / Veterinary Immunology and Immunopathology 161 (2014) 90–98 93
Fig. 1. TLR and inflammatory mediator expression in the interdigital space. TLR1 (A), TLR2 (B), TLR4 (C), TLR6 (D), IL-1 (E) and TNF (F) transcript levels
in  clinically normal, mild ID (IDm), severe ID (IDs) and footrot (FR) biopsies of the skin/hoof interface. Data are presented as box and whisker plots showing
minimum, lower quartile, median, upper quartile and maximum. Correlation of transcript expression of TLR2 with TLR4 (G) and IL-1 (H) for all samples.
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levels were dependent on the disease state of the foot not
the animal, i.e. in animals that had one or more foot affected
with ID or footrot, the clinically normal feet had the same
expression levels as normal feet from animals with no dis-
eased feet (Fig. S1). In contrast, TLR6 expression was lower
in mild ID (CI: (−2.81) − (−0.22)) but not in severe ID and
footrot (Fig. 1D). Expression of TLR1 and TNF  ̨ was  sim-
ilar in all samples (Fig. 1A and F). A strong correlation
between TLR2 and TLR4 expression was observed (Fig. 1G,
R2 = 0.81). TLR1 and TLR6 expression did not mirror that of
TLR2, suggesting a mixture of TLR1/TLR2 and TLR6/TLR2
heterodimers may  be being expressed (Fig. 1A, B and D).
However, TLR6 was expressed at significantly higher levels
than TLR1 (p < 0.0001).
Supplementary figure related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.vetimm.2014
.07.007.
3.2. ID and footrot lead to progressive pododermatitis
with mixed neutrophil and lymphocyte infiltration
Tissue sections from clinically normal feet had no obvi-
ous damage to the interdigital skin. The epidermis had
a prominent granular layer and the dermal–epidermal
junction had a low number of infiltrating leukocytes.
The papillary dermis showed minimal to focally mild
perivascular infiltration of lymphocytes and neutrophils
(Fig. 2A). Thus, clinically normal feet had a minimal to mild
chronic-active pododermatitis with a mixed lymphocytic
and neutrophilic infiltration.
ID is characterised by erythema (redness of the skin)
in the interdigital skin, which is a direct result of der-
mal  blood vessel dilation and hyperaemia. Perivascular
immune cell infiltration was seen surrounding dilated
superficial dermal blood vessels and resulted in a cell dense
dermal–epidermal junction, predominantly involving lym-
phocytes, neutrophils and a few plasma cells (Fig. 2B).
Migrating leukocytes in the stratum basale and stratum
spinosum represented cells that had moved through the
dermal–epidermal junction (exocytosis) (Fig. 2B), with
neutrophilic degranulation observed in the superficial epi-
dermis. Overall, ID presented as a moderate chronic-active
pododermatitis with a mixed lymphocytic and neutrophilic
infiltration with mild epidermal exocytosis.
In footrot, in addition to erythema, under running of the
hoof horn interface was observed indicating a loss of tissue
integrity. The dermis showed large numbers of perivascular
lymphocytes, neutrophils and fewer plasma cells leading
to a cell dense migration through the papillary dermis and
epidermis (Fig. 2C). Lymphocytes and neutrophils accumu-
lated uniformly in all layers of the epidermis. Purulence,
composed of large numbers of non-viable neutrophils,
necrotic debris and plasma proteins, was seen frequently
in areas of epidermal degeneration and necrosis and in
areas of epidermal–dermal clefts (Fig. 2D). Epidermal bal-
looning, characteristic of hydropic cell degeneration, was
noted with marked swelling of the cytoplasm and addi-
tional condensation (pyknosis) of the nucleus (Fig. 2D).
Increased fibrous tissue proliferation (superficial dermal
scarring) occurred in some cases indicating a chronic reac-
tion due to the loss of tissue integrity at the skin hoofd Immunopathology 161 (2014) 90–98
interface (Fig. 2E). The papillary dermis showed vascu-
lar congestion and dilated lymphatic vessels with dermal
oedema (Fig. 2C), as a consequence of the intense epidermal
and dermal inflammation. In summary, footrot presented
as moderate to focally severe chronic-active pododermati-
tis with a mixed lymphocytic and neutrophilic infiltration,
pus formation, horn clefting in some cases.
3.3. TLR2, IL-1ˇ, TNF  ̨ but not TLR4 expression is
increased in dermal fibroblasts in response to D. nodosus
and F. necrophorum
Since bacteria were observed in the dermis in tissue sec-
tions from feet with footrot, we investigated TLR1, TLR2,
TLR4, TLR6, IL-1  ̌ and TNF  ̨ expression in ovine dermal
fibroblasts, a resident dermal cell type, in response to LPS
and heat-killed extracts of D. nodosus and F. necrophorum
(Fig. 3). In response to LPS and bacterial extract stimulation,
TLR2, IL-1  ̌ and TNF  ̨ transcript expression was  signifi-
cantly increased in dermal fibroblasts (Fig. 3B, E and F); no
effect was seen on TLR4 and TLR6 expression (Fig. 3C and
D). TLR1 transcript expression was  unchanged except for
a small but significant decrease in response to D. nodosus
(Fig. 3A). As seen for the foot biopsies, TLR1 and TLR6
expression did not mirror that of TLR2, suggesting expres-
sion of TLR1/TLR2 and TLR6/TLR2 heterodimers. However,
TLR6 was expressed at significantly higher levels than TLR1
(Fig. 3A, B and D, p < 0.0001).
4. Discussion
This study is the first to report changes in expression
of TLRs and pro-inflammatory cytokines in ovine interdigi-
tal skin samples from clinically normal and feet diseased
with ID or footrot. In interdigitial skin, TLR2 and TLR4
transcripts were the most abundant, and higher levels of
TLR6 than TLR1 were expressed, this is similar to clini-
cally healthy ovine skin from the flank (Nalubamba et al.,
2007). Both flank and interdigital skin are exposed to a
range of commensal microorganisms, however, there is
less potential for tissue damage due to environmental con-
ditions in the flank area compared with the interdigital
skin, where damage and subsequent opportunistic infec-
tion of pathogens or commensal skin flora are common.
Enhanced expression of TLR2 and TLR4 in response to
infection has also been observed in another ovine infec-
tious disease, Johne’s disease, caused by Mycobacterium
avium subspecies paratuberculosis (MAP) (Taylor et al.,
2008). TLR1 and TLR6 can both form heterodimers with
TLR2, recognising bacterial triacyl lipopeptides and dia-
cyl lipopeptides respectively (Farhat et al., 2008). In MAP
infections, TLR2/6 heterodimers are involved in the recog-
nition of mycobacterial antigen (Bulut et al., 2001; Gomes
et al., 2008), and in MAP-infected ileum both TLR2 and TLR6
expression were significantly increased, supporting a role
for this heterodimer in the pathogenesis of Johne’s disease
(Plain et al., 2010). In contrast, our study of severe ID and
footrot did not result in an expression profile indicative of
a similarly predominant TLR2/6 heterodimer. Since dam-
aged interdigital skin is exposed to a diverse opportunistic
skin and environmental flora with at least 27 bacterial
R. Davenport et al. / Veterinary Immunology and Immunopathology 161 (2014) 90–98 95















tratum granulosum; SSp, stratum spinosum; ER, epidermal ridges; DP, de
xocytosis, granulated neutrophils ( ); FR (C) marked dermatitis, oedem
uclear  pyknosis) ( ) and large numbers of degenerating neutrophils (p
enera (Calvo-Bado et al., 2011), having a more diverse
rray of pathogen receptors, such as both, TLR1/2 and
LR6/2 heterodimers, may  be an advantage to the host.
he ovine inflammatory response associated with ID and
ootrot is also reflected in the increased expression of the
ro-inflammatory cytokine IL-1ˇ. Interestingly, expression
f TLR2, TLR4 and IL-1  ̌ was dependent on the disease states
f the individual feet of an animal. This suggests that the
isease has a local focus in the foot with little or no systemic
nnate immune response. This is different from the humoral
esponse, where foot scoring methods that summed uppillae; SB, stratum basale; ID (B), superficial mild to moderate dermatitis,
), congested vessels (*); FR (D) epidermal degeneration (ballooning with
) (*) underneath the stratum basale; FR (E) dermal fibrosis.
the lesions on all the feet and weighted underrun lesions
relative to non-underrun lesions provided the most accu-
rate association with serum antibody levels to D. nodosus
(Whittington and Nicholls, 1995).
The results of our study illustrate that ID and footrot lead
to progressive chronic-active pododermatitis with a mixed
lymphocytic and neutrophilic infiltration. This is mild in
clinically normal feet, moderate in feet with ID and focally
severe in footrot, with frequent areas of purulence and
lytic necrosis. The mild inflammatory phenotype seen in
apparently healthy ovine feet is likely to be dependent on
96 R. Davenport et al. / Veterinary Immunology and Immunopathology 161 (2014) 90–98
Fig. 3. TLR and inflammatory mediator expression in ovine dermal fibroblasts. TLR1 (A), TLR2 (B), TLR4 (C), TLR6 (D), IL-1 (E) and TNF (F) transcript
levels in ovine dermal fibroblasts stimulated with 1 mg/ml  LPS or 10 mg/ml  heat killed D. nodosus (DN), F. necrophorum (FN) or both (DN + FN) for 4 h. Data
are  presented as box and whisker plots showing minimum, lower quartile, median, upper quartile and maximum. One-way ANOVA, repeated measures,
























































R. Davenport et al. / Veterinary Immuno
any factors, including the environmental conditions and
he variability in levels of bacterial exposure in individual
heep and host resistance. Similar observations have been
ade in a previous study (Parsonson et al., 1967), appar-
ntly describing a mild ID, but with no comparison to
he histological appearance of clinically normal interdig-
tal skin. Hence it might be that clinically normal skin has a
onstantly active immune response due to repeated expo-
ure to commensal and pathogenic microbes. The gross
ootrot lesions in this study were similar to those described
reviously with intense inflammation, necrotic tissue and
eparation of the hoof-horn interface throughout the whole
nterdigital space (Egerton et al., 1969).
In addition, the inflammatory response, seen at the tran-
cript level, in severe ID and footrot potentially resulted in
he infiltration of immune cells into the epidermis. Bacte-
ia, including D. nodosus, were morphologically identified
n both, epidermal and dermal layers of the skin (Egerton
t al., 1969), hence it is important to understand the role
hat individual cellular components of the skin play in the
athogenesis of this disease. One of the main cell types of
he dermis is the fibroblast, and although originally thought
o only play a structural role in the skin, it has subse-
uently been shown that these cells have an important role
n the innate immune response, providing the supporting
xtracellular matrix and, on activation, produce cytokines,
hemokines and prostanoids (Buckley et al., 2001). The
elease of pro-inflammatory cytokines and chemokines
uch as IL-1, IL-6 and CXCL8 is fundamental in the cross
alk between the innate and adaptive immune systems,
ncreasing diversity of responses and hopefully protec-
ion against re-infection (Buckley et al., 2001). Our results
howed enhanced TLR2, IL-1  ̌ and TNF  ̨ expression in cul-
ured dermal ovine fibroblasts in response to defined (LPS)
nd mixed bacterial ligands (heat-killed D. nodosus and F.
ecrophorum), which demonstrates the ability of dermal
broblasts to mount a pro-inflammatory response, thus
ontributing to the recruitment of innate immune cells.
In summary, we present here the first study of
nnate immune responses in ovine ID and footrot, linking
mmunopathology and inflammatory mediator expression
ocalised to the interdigital skin and dermal fibroblasts.
he differential expression of TLRs and proinflammatory
ytokines correlates with the disease state of the sheep
oot and strongly demonstrates the importance of the local
mmune response with little or no impact of the systemic
nnate immune response. Hence understanding of those
ocal responses, particularlythe role of TLRs, can contribute
o developing different approaches to vaccination.
cknowledgements
This work was funded by the University of Notting-
am and RD was awarded a Wellcome Trust CVRT vacation
ward and an MSD  Connect award. We  would like to
hank Mohd Muzafar and Prof E. Wellington, University
f Warwick for bacterial extracts. We  would like to thank
r. J. Daly and Dr. T. Coffey for critical reading of the
anuscript.d Immunopathology 161 (2014) 90–98 97
References
Beveridge, W.I.B., 1941. Foot-rot in sheep: a transmissible disease due to
infection with Fusiformis nodosus (n. sp.). Studies on its cause, epi-
demiology and control. CSIRO Aust. Bull. 140, 1–56.
Bird, P., Blacklaws, B., Reyburn, H.T., Allen, D., Hopkins, J., Sargan, D.,
McConnell, I., 1993. Early events in immune evasion by the lentivirus
maedi-visna occurring within infected lymphoid tissue. J. Virol. 67,
5187–5197.
Buckley, C.D., Pilling, D., Lord, J.M., Akbar, A.N., Scheel-Toellner, D., Salmon,
M.,  2001. Fibroblasts regulate the switch from acute resolving to
chronic persistent inflammation. Trends Immunol. 22, 199–204.
Bulut, Y., Faure, E., Thomas, L., Equils, O., Arditi, M.,  2001. Cooperation of
Toll-like receptor 2 and 6 for cellular activation by soluble tuberculosis
factor and Borrelia burgdorferi outer surface protein A lipoprotein: role
of  Toll-interacting protein and IL-1 receptor signaling molecules in
Toll-like receptor 2 signaling. J. Immunol. 167, 987–994.
Bustin, S.A., Beaulieu, J.F., Huggett, J., Jaggi, R., Kibenge, F.S., Olsvik, P.A.,
Penning, L.C., Toegel, S., 2010. MIQE precis: practical implementation
of minimum standard guidelines for fluorescence-based quantitative
real-time PCR experiments. BMC  Mol. Biol. 11, 74.
Calvo-Bado, L.A., Oakley, B.B., Dowd, S.E., Green, L.E., Medley, G.F., Ul-
Hassan, A., Bateman, V., Gaze, W.,  Witcomb, L., Grogono-Thomas, R.,
Kaler, J., Russell, C.L., Wellington, E.M., 2011. Ovine pedomics: the
first study of the ovine foot 16S rRNA-based microbiome. ISME J. 5,
1426–1437.
Carpenter, S., O’Neill, L.A.J., 2007. How  important are Toll-like receptors
for antimicrobial response? Cell. Microbiol. 9, 1891–1901.
Chang, J.S., Russell, G.C., Jann, O., Glass, E.J., Werling, D., Haig, D.M., 2009.
Molecular cloning and characterization of Toll-like receptors 1–10 in
sheep. Vet. Immunol. Immunopathol. 127, 94–105.
Darlay, R.J., McCarthy, A.J., Illot, N.E., Smith, J.E., Shaw, M.A., 2011. Novel
polymorphisms in ovine immune response genes and their associa-
tion with abortion. Anim. Genet. 42, 535–543.
Dohoo, I.R., Martin, W.,  Stryhn, H., 2009. Veterinary Epidemiologic
Research, 2nd ed. VER Inc., Charlottetown.
Duncan, J.S., Grove-White, D., Moks, E., Carroll, D., Oultram, J.W., Phythian,
C.J.,  Williams, H.W., 2012. Impact of footrot vaccination and antibiotic
therapy on footrot and contagious ovine digital dermatitis. Vet. Rec.
170, 462–466.
EBLEX Reducing lameness for better returns, Sheep BRP Manual 7
http://www.eblex.org.uk/wp/wp-content/uploads/2013/07/brp l
sheepSBRP Manual 7 reducing lameness170713.pdf (accessed
09.02.14).
Egerton, J.R., Roberts, D.S., Parsonson, I.M., 1969. The aetiology and patho-
genesis of ovine foot-rot. I. A histological study of the bacterial
invasion. J. Comp. Pathol. 79, 207–215.
FAI The Five Point Plan for the reduction of lameness in sheep.
http://www.fwi.co.uk/assets/getasset.aspx?itemid=5244754
(accessed 09.02.14).
Farhat, K., Riekenberg, S., Heine, H., Debarry, J., Lang, R., Mages, J., Buwitt-
Beckmann, U., Roschmann, K., Jung, G., Wiesmuller, K.H., Ulmer, A.J.,
2008. Heterodimerization of TLR2 with TLR1 or TLR6 expands the
ligand spectrum but does not lead to differential signaling. J. Leukoc.
Biol. 83, 692–701.
Goddard, P., Waterhouse, T., Dwyer, C., Stott, A., 2006. The perception
of  the welfare of sheep in extensive systems. Small Rumin. Res. 62,
215–225.
Gomes, M.S., Sousa Fernandes, S., Cordeiro, J.V., Silva Gomes, S., Vieira,
A.,  Appelberg, R., 2008. Engagement of Toll-like receptor 2 in
mouse macrophages infected with Mycobacterium avium induces non-
oxidative and TNF-independent anti-mycobacterial activity. Eur. J.
Immunol. 38, 2180–2189.
Hancock, R.E.W., Nijnik, A., Philpott, D.J., 2012. Modulating immunity as a
therapy for bacterial infections. Nat. Rev. Microbiol. 10, 243–254.
Hughes, J., Kwong, W.Y., Li, D., Salter, A.M., Lea, R.G., Sinclair, K.D., 2011.
Effects of omega-3 and -6 polyunsaturated fatty acids on ovine follicu-
lar cell steroidogenesis, embryo development and molecular markers
of  fatty acid metabolism. Reproduction 141, 105–118.
Hughes, S., Poh, T.Y., Bumstead, N., Kaiser, P., 2007. Re-evaluation of
the chicken MIP  family of chemokines and their receptors suggests
that CCL5 is the prototypic MIP  family chemokine, and that dif-
ferent species have developed different repertoires of both the CC
chemokines and their receptors. Dev. Comp. Immunol. 31, 72–86.Kaler, J., Green, L.E., 2008. Naming and recognition of six foot lesions of
sheep using written and pictorial information: a study of 809 English
sheep farmers. Prev. Vet. Med. 83, 52–64.
Kennan, R.M., Han, X., Porter, C.J., Rood, J.I., 2011. The pathogenesis of
ovine footrot. Vet. Microbiol. 153, 59–66.
logy an98 R. Davenport et al. / Veterinary Immuno
Kennan, R.M., Wong, W.,  Dhungyel, O.P., Han, X., Wong, D., Parker, D.,
Rosado, C.J., Law, R.H., McGowan, S., Reeve, S.B., Levina, V., Powers,
G.A., Pike, R.N., Bottomley, S.P., Smith, A.I., Marsh, I., Whittington, R.J.,
Whisstock, J.C., Porter, C.J., Rood, J.I., 2010. The subtilisin-like protease
AprV2 is required for virulence and uses a novel disulphide-tethered
exosite to bind substrates. PLoS Pathog. 6, e1001210.
Kikkert, R., Laine, M.L., Aarden, L.A., van Winkelhoff, A.J., 2007. Activation
of  Toll-like receptors 2 and 4 by Gram-negative periodontal bacteria.
Oral Microbiol. Immunol. 22, 145–151.
Lloyd, L.J., Foster, T., Rhodes, P., Rhind, S.M., Gardner, D.S., 2012. Protein-
energy malnutrition during early gestation in sheep blunts fetal renal
vascular and nephron development and compromises adult renal
function. J. Physiol. 590, 377–393.
Nalubamba, K.S., Gossner, A.G., Dalziel, R.G., Hopkins, J., 2007. Differen-
tial  expression of pattern recognition receptors in sheep tissues and
leukocyte subsets. Vet Immunol Immunopathol 118, 252–262.
Nestle, F.O., Di Meglio, P., Qin, J.Z., Nickoloff, B.J., 2009. Skin immune sen-
tinels in health and disease. Nat Rev Immunol 9, 679–691.
Parsonson, I.M., Egerton, J.R., Roberts, D.S., 1967. Ovine interdigital der-
matitis. J. Comp. Pathol. 77, 309–313.
Plain, K.M., Purdie, A.C., Begg, D.J., de Silva, K., Whittington, R.J., 2010.
Toll-like receptor (TLR)6 and TLR1 differentiation in gene expres-
sion studies of Johne’s disease. Vet. Immunol. Immunopathol. 137,
142–148.
Roberts, D.S., Egerton, J.R., 1969. The aetiology and pathogenesis of ovine
foot-rot. II. The pathogenic association of Fusiformis nodosus and F.
necrophorus.  J. Comp. Pathol. 79, 217–227.d Immunopathology 161 (2014) 90–98
Sow, F.B., Gallup, J.M., Meyerholz, D.K., Ackermann, M.R., 2009. Gene pro-
filing studies in the neonatal ovine lung show enhancing effects of
VEGF on the immune response. Dev. Comp. Immunol. 33, 761–771.
Takeda, K., Akira, S., 2004. Microbial recognition by Toll-like receptors. J.
Dermatol. Sci. 34, 73–82.
Taylor, D.L., Zhong, L., Begg, D.J., de Silva, K., Whittington, R.J., 2008.
Toll-like receptor genes are differentially expressed at the sites of
infection during the progression of Johne’s disease in outbred sheep.
Vet. Immunol. Immunopathol. 124, 132–151.
Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe,
A., Speleman, F., 2002. Accurate normalization of real-time quantita-
tive  RT-PCR data by geometric averaging of multiple internal control
genes. Genome Biol. 3, RESEARCH0034.
Wassink, G.J., King, E.M., Grogono-Thomas, R., Brown, J.C., Moore, L.J.,
Green, L.E., 2010. A within farm clinical trial to compare two treat-
ments (parenteral antibacterials and hoof trimming) for sheep lame
with footrot. Prev. Vet. Med. 96, 93–103.
Whittington, R.J., Nicholls, P.J., 1995. Grading the lesions of ovine footrot.
Res.  Vet. Sci. 58, 26–34.
Widdison, S., Watson, M.,  Coffey, J.T., 2011. Early response of bovine alveo-
lar  macrophages to infection with live and heat-killed Mycobacterium
bovis.  Dev. Comp. Immunol. 35, 580–591.Witcomb, L.A., Green, L.E., Kaler, J., Ul-Hassan, A., Calvo-Bado, L.A., Medley,
G.,  Grogono-Thomas, R., Wellington, E.M., 2014. A longitudinal study
of  the role of Dichelobacter nodosus and Fusobacterium necrophorum
load in initiation and severity of footrot in sheep. Prev. Vet. Med. 115,
48–55.
